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Tms’ IMPORTANCE of milk as a
food and its availability have
for a long time made milk proteins
favorite. proteins for investigation,
In 1838, the great Dutch chemist,
‘Mulder', who gave proteins their
name, devised the method of sep-
arating casein by adding acid. It
was considered to be a pure pro-
tein for almost a hundred years.
Early work by Sebelien'* demon-
strated the complexity of the pro-
.teins of milk wl?ey, obtained after
the removal of casein. A globulin
fraction was obtained by saturating
whey with magnesium sulfate, and
lactalbumin was prepared from the
‘supernatant after the removal of
globulin by -acidification. Wich-
mann* reported the crystallization
of lactalbumin from ‘salt solutions.
Although others have reported the
crystallization of lactalbumin, it is
now generally conceded that the
crystalline B-lactoglobulin prepared
aby Palmer'* constitutes the princi-

pal protein of the lactalbumin frac-
tion. Osborne and his associates!3
devised methods for separating in-
dividual milk proteins, and with
Wells'® determined their purity by
immunological means. Sorensen and
Sorensen’s?® investigations on the
albumin fraction of milk whey in-
dicated “that a large number of
proteins with unique properties are
present in small amounts.

Numerous }empin‘cal methods
have been devised for separating
and classifying milk proteins. De-
termination of nitrogen distribution
‘of milk on the basis of the amount
of protein separated by isoelectric
precipitation, salt fractionation, and
heat coagulation, has given com-
parative information. These studies
showed that cow’s milk contains
about 3 percent casein and 0.7 per-
cent other proteins.
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Because of the biological signifi-
cance of milk as a food, it was to
be expected that milk proteins
would have unique characteristics
that would differentiate them from
other tissue proteins. As compared
with other' proteins, casein is re-

markably stable. In solution it may. v

be heated, or treated with organic
solvents, specifle denaturing agents

such as urea and guanidine hydro- .

chloride, and small amounts of acid
or alkali without apparent change
in - properties. In vitro, however,

- casein is digested with the greatest

case by proteolytic enzymes. It is
well known that the ease of diges-
tion of some proteins is greatly in-
creased by denaturation or cook-
ing®, which appears to make a more
accessible molecular structure by
unfolding. Since casein cannot be
denatured, it is frequeéntly consid-
ered to be already denatured or to
have an unfolded structure. Studies
of physical properties of casein sol-
utions such as viscosity and stream-
ing birefringence are consistent
with the idea that casein is a long
molecule resembling denatured
proteins.

To determine whether laboratory
casein is in fact changed or denat-
ured by the action of acid or alkali
during its preparation, casein has
been separated from milk at 2° by
centrifugation at high velocities,
according to the method of Rams-
dell and Whittier'®, who isolated

“"casein in its natural state from milk

for the first time. The separated

casein was converted into sodium’

caseinate by dialysis against a solu-
tion of sodium chloride, thus avoid-
ing any change in acidity during its

- preparation. Measurements of op-

tical rotation were used for detect-

.ing and measuring denaturation of

casein, as it is well known that the
denaturation of a protein is accom-
panied by a large increase in its
negative specific rotation. A value
of [a[?D of —101 was obtained for

the specific rotation of casein solu--

tions, at pH 6.9 prepared without

. acid or alkali; this value is identi-
‘cal with that given by casein solu-

tions . prepared by means of acid
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and alkali. The rotations of both
these caseins were unchanged by
heating in solution. A slight in-
crease in the value for the specific
rotation of each was obtained when
they were treated with 5-molar
guanidine hydrochloride. When
the guanidine hydrochloride ~ was-
removed, however, the values for
specific rotation returned to their:
previous values, showing that the .
effect of guanidine ‘hydrochloride
was that o? the solution rather than
a denaturation’ of the casein. In
contrast, B-lactoglobulin, occurring
in milk to the extent of only 0.4 per-
cent behaves as a typical tissue
protein in that it denatures easily;
its - specific rotation - is increased
from a value of [a[?5 D of —43 at
pH 8.5 to a value of —80 by heat,-

‘and to a value of ~114 by guani- =




dine hydrochloride, These results
suggest that casein occurs in milk
in an unfolded configuration, which
may be rapidly digested by prot-
~ eolytic enzymes.
- In undertaking a program of sep-
‘arating and purifying individual
proteins of milk, it was important
to determine whether the same pro-
teins are always present in milk in
the same relative amounts. The
electrophoresis method of Tiselius
“was used for this study. The elec-
trophoretic compositions of the
proteins were determined on indi-
vidual samples of milk obtained at

regular intervals from four cows -

over their complete lactating cycles,
including gestation. As.shown in
figure 1, there are four principal

electrophoretic components in the

proteins. of skim milk. When casein -

~was separated from whey by ad-
justing the pH to 4.7 and centri-

fuging, three of the electrophoretic. .

components were found to be cas-
~ ein, amounting to about 80 percent
of the total protein of milk. Since
the proteins of whey amount to
only 20 percent of the total protein
of milk, it was desirable to separate
them from casein before making
electrophoretic determinations. The
electrophoretic components of cas-
ein obtained from the milk of three
cows were remarkably constant in
area and mobilities throughout the
Jactating cycle. The electrophoretic
components of some of the samples
of casein from the fourth cow,
howeyer, varied, in that the a-ca-
sein eomponent was split into two

\
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Fig. 2. Comparison of electrophoretic
patterns of milk whey during the
%:eriod (27 days before parturition) wi
the electrophoretic_pattern of blood se-

rum;- veronal buffer, pH 8.35; ionic

p-lg., B-lac-

components. This is of interest in
connection with the finding of Nit-
schmann and Lehmann'® that the
clotting of casein by rennet is asso-
ciated with a split in the electro-
phoretic pattern of a-casein. Our
results on the clotting of the sep-
arated components of casein show-
€d that all the components of casein
clot with rennet, and therefor a
theory of clotting of casein based
on the action of rennet on only one
component is inadequate.

The relative amounts of the pro-
tein componets of whey varied con-
siderably more than did the com-
ponents of casein during the lactat-
ing cycle. The amount of colo-
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toglobulin. ‘Blood: serum mobilities: -3.1
x10-5 (B-globulin); -5.2 x 10-8 fﬁa‘, glob-
ulin); -6.8 x 10-5 (albumin). Milk whey
mobilities: -2.8 x 10-3 (unidentified); -5.2

x 105 (m-lactoglobulin); -6.7 x .10-3

(albumin).

strum globulin or immune globulin
in whey increased markedly, be-
ginning at 70 days before parturi-
tion. Also, the fast-moving com-
ponent of whey, with the mobility
of serum albumin, increased mark-

~edly at the end of the lactating

cycle. This albumin component of
milk has been crystallized by Polis,
Shmukler, and Custer'® from com-
mercial mixed milk and shown to-
have the properties of blood serum-
albumin. Coulson and Stevens?
demonstrated that this milk albu-
min is immunologically ‘equivalent.

to blood serum albumin. As shown .
by the electrophoretic pattern, the
whey fraction obtained from the
cow's udders during the dry stage
(about 27-days before parturition)
contained a large amount of album-
in. There is a marked similarity be-
tween the electrophoretic patterns
of the whey proteins at this stage
and those of the blood serum pro-
teins (figure 2). The pH of the con- .
tents of the cow’s udder at this
stage is 7.4, the same as that of
blood. On the day of the birth of
the calf, however, the pH contents
of the udder drop rapidly to the
normal value of 6.6, presumably
owing to the secretion of casein.

As shown by its electrophoretic
pattern in figure 1, casein is a mix-
ture of at least three components,
which have been designated a-, B-
and r-casein in the order of their
decreasing mobilities. The chemi-
cal separation of these components
has been a difficult task. All the




evidence, based on reproduction of
erties of the unfractionated ca-
by mixing the separated com-
Konents, shows that casein is a
Inixture. The properties of the mix-
ture, however, are different from
the properties of the pure com-
nents and give comfort to those
who have felt that casein is @ homo-
genous substance. Interaction be-
tween the components of casein is
so pronounced that the properties
of the individual components, suc
as solubility, are greatly modified
when present in mixtures.

Three methods for separating the
components of casein have been de-
vised in our laboratory, an prob-
ably the success of each method
is to a large extent due to finding
conditions that minimize interac-
tion between the components. The
first of these methods was develop-

‘ed by Warner®, who discovered
that a- and B-casein could be sep-
arated by repeated reprecipitation
from dilute solutions near the iso-
electric point at 90 Effective sepa-
rations were obtained by this meth-
od. The method, however, is tedi-
ous, making the separation O the
components_ in quantity difficult.
The method by Hipp etal’,b
on solubility in 50 percent alcohol
in dilute salt solutions at different
H values, has been successfully
used in separating the components
of casein_in larger amounts. Re-
cently it has been found that the
casein ccmiponents can be most
easily separated by means of urea
solution. The properties an
positions of the'components of ca-
sein prepared by these three meth-
ods are the same, indicatipg that
casein is a mixture of proteins an
that these components are not de-
compaosition products.

Although the three caseins have

the same general properties, such
as insolubility at the isoelectric
point, and are closely associated,
they differ markedly in amino aci
composition, as shown by Gordon
et al? in a complete amino acid
* analysis of these proteins. Calcula-
tions based on the amino acid con-
tent of these caseins reveal their
relative polarity. a-casein contains
*99] jonic groups and 965 nonpolar
CH, group$ per 10° grams, whereas
b-casein contains 219 ionic groups
and 1567 nonpolar CH, groups per
105 grams. If the ratio of ionic

groups to the nonpolar CHz groups
may be considered as a measure of
polarity, then these calculations
based on the amino acid composi-
tion indicate that a-casein is about
twice as polar as p-casein. This cal-
culation does not take into consid-
eration the nonionic polar groups,
because there are about an equal
number in a- and B-casein. Polarity
calculations, based on the ratio of
the solubility in 50 percent alcohol
to the solubility in water, also in-
dicate that. a-casein is about twice
as polar as p-casein (6), thus dem-
onstrating a relation etween the
amino_aci composition an
solubility of these caseins.

After casein, p-lactoglobulin is
the next most abundant protein in
milk, constituting about 12 percent
of the total protein. Milk also con-
tains numerous other proteins in
small quantities, some of whic
are enzymes. The isolation of B-
lactoglobulin in crystalline form by
Palmer'* has furnished  protein
chemists with one of the most at-
tractive proteins for investigation,
in spite of the fact that it is electro-
phoretically inhomogeneous’. Al-
though one © these components
has been isolated in our abora-
tory'?, no difference in composition
has been detected between the
electrophoretically pure component
and unfractionated p-lactoglobulin.
Remarkably large p-lactoglobulin
crystals can be obtained with ease
by crystallizing from dilute salt sol-
utions. McMeekin and Warner® de-
termined directly the composition
of B-lactoglobulin crystals suspend-
ed in water and concentrated am-
monium sulfate solutions. The crys-
tals were anaiyzed for water con-
tent by removing an individual
crystal from the supernatant liquid.
Surface liquid was removed by
blotting, and the loss of water was
determined by weight as a function

The water content of the
cry obtained by subtract-
ing the weight of the completely
dried crystal from the weight of
the crystal at the time of remova
from the suspending 1 id. The
p-lactoglobulin crystals
approximately 50 percent water
rather than 20 percent, as given by
the indirect method of Sorensen
and Hoyrup?®!. Figure 3 illustrates
the rate of loss’ of water by crys-
talline p-lactoglobulin when expos-

d the

ed to the air. It was found that the’
rate of loss of water follows a first-
order equation, being, proportiona

to the logarithm of the water re-
maining in the crystal until about
70 percent of the water is lost. This
indicates that the vapor pressure of
the water in the crystal does not
1chzmge until most of the water is
ost.
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Fig. 3. Rate of loss of water by b-
lactoglobulin crystal at room tempera-
ture. 1, loss in weight of crystal as a
function of time; 2, %oga\rithm of weight
of water in the crystal shown in 1.

It was found also that ammoni-
um sulfate went into B- actoglobu-.
lin crystals, and on the basis of the
water content of the crystal reache
approximately 80 percent O the
concentration of the suspending
ammonium sulfate solution. In view
of the results of Adair and Adair*
based on density determinations,
this finding was expected. The fact
that salt diffuses into protein crys-
tals accounts for the low results
obtained for the water content of
protein crystals by the method of
Sorensen and Hoyrup-

To investigate the penetration of
molecules into protein crystals, it
is necessary to select conditions in -
which the protein crystal is rela-
tively insoluble. s-lactoglobulin
crystals are relatively insoluble in
water and concentrations of am-
monium sulfate greater than 2 mol-
ar. In more dilute solutions of am-
monium sulfate, however, it is'sol-
uble. Consequently, syicrose, a non-
‘electrolyte in which p-lactoglobulin
is relatively insoluble, was us€ to
study the effect of concentration O
the suspending medium on the
composition of the protein crystal.
The penetration of the protein crys-
tal by sucrose was determincd DY

i rminations on the crys-
tal and by direct analysis. Figures
4 and 5 show the resuits. The den-
sity of the protein crystals was de-|
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Fig. 4. Densities of B-lactoglobulin
crystals equilibrated in sucrose hand ser-
um albumin solutions.
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Fig. 5. Volume fractions of sucrose,
protein, and water in cr stals of B-lac-
toglobulin expressed as a tunction of con-
centration of sucrose in the suspending
medium.
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Fig. 6. Relationship between loss of
water by B-lactoglobulin crgstals and the
osmotic pressure of the ifference be-
tween sucrose in the crystal water and
that in the suspending medium.

termined in bromobenzene-zylene
mixtures after equilibrating in the
suspending medium. Figure 4 il-
lustrates that the density of the pro-
tein crystal is proportional to the
density of the sucrose suspending
medium. When the suspending
medium was a solution of serum

albumin, however, there was no in-
crease in the density of the pro-
tein crystals. These results indicate
that sucrose penetrates B-lactoglob-
ulin crystals and that serum albu-
min, presumably because of its

-much larger size, does not.

The composition of the protein
crystal is graphically illustrated in
figure 5 as a function of sucrose
concentration in the suspending
medium. It may be seen that there
is a reciprocal relationship between
the amount of sucrose and water
in the protein crystal The total vol-
ume of crystal, however, decreases
with increasing concentrations of
sucrose owing to loss of water not
replaced by sucrose. That the for-
ces controlling the distribution of
water and sucrose in the protein
crystal are largely osmotic is indi-
cated by the straight line relation
obtained when the loss in water by
the crystal is plotted against osmo-
tic pressure of the difference be-
tween the sucrose in the crystal
water and that in the suspending
medium (figure 6).

There are exceptions to these re-
sults which indicate that osmotic
forces govern the composition of
protein crystals suspended in so-
lutions of small molecules. Thus
when B-lactoglobulin crystals are
suspended in saturated solutions of
lithium bromide or chloride, the
concentration of salt is greater in
the crystal when calculated on the
basis of crystal water than in the
suspending medium. This result in-
dicates that these lithium salts
combine with the protein in the
crystal. Sorensen and Palmer®® have
reported that the ammonium chlo-
ride content of B-lactoglobulin crys-
tals suspended in dilute ammonium
chloride is greater than in the sus-
pending solution.

The water content of protein
crystals has been considered to be
of two kinds — bound and free'>.
The apparent “nonsolvent” water
calculated from the difference in

concentration of a reference sub-’

stance in the water of the protein
crystal and the suspending medium
has been considered to be a mea-
sure of the bound water or hydra-
tion of the protein. Perutz'® report-
ed a value of 0.3 gram of water

* per gram of protein for the hydra-

tion of hemoglobin in ammonium

sulfate solutions. The results of cal-
. {3 9 -

culations of “nonsolvent” water in

p-lactoglobulin crystals suspended
in different concentrations of su-
crose are shown in figure 7.

It is apparent from these results, -
based on large variations in sucrose -
concentration, that “nonsolvent”
water values vary widely with con-
centration of sucrosc and that there
is no obvious basis for dividing the
water of crystallization into two
kinds. It appears plausible to re- -
late the degree of hydration of pro-
tein crystals to the osmotic envir-
onment, in a manner similar to the
relation of vapor-phase water ab-’
sorption of proteins to vapor pres-
sure. Thus, weakly polar groups
such as the peptide bond may hold
water loosely as suggested by Mel-
lon et al.”. According to this view
the hydration of a, protein crystal
varies with the osmotic environ-
ment. Previous studics on the “non-
solvent” water of protein crystals
suspended in_salt solutions have
used such small changes in salt con-
centrations and vapor pressures
that changes in hydration were not
detected. ‘
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Fig. 7. Effect of sucrose concentra-
tion in the suspending medium on the
“nonsolvent” water in n-lactoglobulin
,erystals. .

When _ -lactoglobulin crystals
are equilibrated with water or a
dilute salt solution, the solution
tends to become more alkaline
with time and show some indica-
tion of decomposition. This fact
and other considerations led to a
systematic study of the stability of
p-lactoglobulin solutions as a func-
tion of pH and temperature. Groves
et al’ found that p-lactoglobulin
denatures in relatively mild alka-
line solutions and that the rate of
denaturationincreases rapidly with
increase in alkalinity. Denaturation
was followed by insolubility at the
isoelectric point and by increase in|
optical rotation. When the loga-
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m of the undenatured protein
lotted against time, a straight
% is obtained, as shown in figure
8, indicating that denaturation is
a unimolecular reaction. The rate
of dcnaturation Was pro ortional
to the first power of the hydrogen
jon concentration between pH 8-10,
as may be calculated from figure 9.
This results suggests that pH denat-
uration invol i
p-lactoglobulin m )

rising, result was obtained
rate of denaturation of p-lactoglob-
ulin is the samC at 3° as at 25°.
The rate of denaturation of pro-
teins, like other chemical reactions,
usually increascs rapidly with tem-
perature. Solutions  of crystalline
p-lactoglobulin containing,_2 mole-
cules of the detergent dodecyl sul-
fate combined with each molecule
of p-lactoglobulin_are much more
stable to alkali than without the
detergent (figure 9). The rate of
denaturation of this protein deriva-
tive has a normal temperature co-
cfficient, being much greater at

rigin, sep-
d propertics
constitute
of some of our
tructure, uses
and behavior.
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